Effects of Mo and W on creep strength of low Cr heat resistant steels have been investigated from the stand points of the phase stability of precipitates during long-term exposure at the elevated temperatures. The study on 2.25%Cr-Mo-V-Nb (Mo-steel) and 2.25%Cr-W-V-Nb (W-steel) with a same amount of Moequivalent has shown that the substituting W for Mo retards the evolution of microstructure, and thus remarkably improves the creep rupture strength. TEM observations have suggested that the most important precipitates strongly affecting the stability of microstructure are M 6 C type carbide and MC type carbide in both Mo-steel and W-steel. It is found that the M 6 C carbide precipitates with concentration of Mo and W during long-term aging. Therefore, the amounts of solute Mo and W supersaturated in matrix have reduced to the thermal equilibrium levels with changing the substructure from bainite lath structure to sub-grain liked structure. The kinetics of Mo-and W-partitioning between matrix and M 6 C carbide has been successfully expressed by a Johnson-Mehl-Avrami type equation and estimated the activation energy for diffusion of solutes; 125 kJ/mol in Mo-steel and 219 kJ/mol in W-steel. Thus the diffusion rate of W is suggested to be definitely lower than that of Mo. Furthermore, Mo-and W-partitioning to MC carbides have also been confirmed to affect the coherency and the growth rate of MC carbides. TEM observations on the strain image have shown that the MC carbide in Mo-steel has already lost the coherency with matrix. On the other hand, the finer MC carbide in W-steel has kept the coherent relationship with matrix even after long-term aging. It is concluded that W-steel is superior to Mo-steel in the stabilization of bainite lath structure and precipitates at elevated temperatures, resulting in the higher creep strength.
Introduction
The recent trend toward protection of global environment is accelerating an increase in the heat efficiency in thermal power generation boilers in order to reduce CO 2 and NO X emission, and thus requires the advanced heat resistant materials with improved creep strength at the elevated temperatures, because of an increase in operating temperatures and pressure of the steam. [1] [2] [3] For the requirements of economics in constructing power plants, there has been increasing interest in the low Cr steels applicable at the higher temperatures replacing conventional 9 % Cr steels. 4, 5) The approaches to the increase in creep strength of the low Cr ferritic steels have been investigated by many workers and characterized as follows: 1) The tempered bainite structure shows the best performance in creep properties in low Cr steels and the stabilization of bainite structure is important to improve the creep strength 6) ; 2) V and Nb are often utilized to optimize the precipitation hardening effect, since fine NaCl type carbonitride such as VC, VN, NbC, and NbN precipitate inside grains with high density and thus obstruct the climb of dislocations 7, 8) ; 3) Mo and W have been extensively used to increase the creep resistance at the higher temperatures.
3)
The effects of Mo and W on the creep strength have been investigated from the point of both the solution strengthening effect and the precipitation hardening effect. Previous studies have confirmed that the solute W is essential to enhance the creep resistance in low Cr steels, and thus optimizing the steel compositions to reduce the W-precipitation and to increase the solute W leads to the higher creep strength. 4, 5) One of the mechanisms explaining the solution strengthening due to solute W has been attributed to the difference in atomic radii between itself and iron. [9] [10] [11] Another concern is that the diffusion constant of W is probably so small that the temperatures starting the recrystallization and the migration of grain boundaries are increased. 12, 13) As mentioned earlier, the W and Mo have been considered to play a similar role in the microstructural stability as well as mechanical properties, therefore, the Mo-equivalent is extensively used to identify the amount of W with that of Mo. On the other hand, it has been recognized that the substituting W for a part of Mo increases the creep strength.
5)
However, there is still no established picture explaining the difference in the effects between W and Mo on creep properties.
The main purpose of this study is to clarify the effects of Mo and W on creep strength in 2.25Cr-(Mo)-(W)-V-Nb steels with a particular emphasis on the phase stability of precipitates during long-term aging. This study has also quantified the microstructural evolution using the kinetics of Mo-and W-partitioning between carbides and matrix, and as a result clarified the differences in activation energy, diffusion constant, and nucleation density between Mo-and W-bearing steels.
Experimental Procedure
A Mo-bearing 2.25%Cr-V-Nb steel and a W-bearing 2.25%Cr-V-Nb steel with a same amount of Mo-equivalent were used in the experimental work. The compositions of the steels are given in Table 1 . The materials were vacuum induction melted and processed by hot forging into 15 mm-thick plates. The plates were normalized for 30 min at 1 323 K followed by air-cooling, and tempered for 1 hr at 1 043 K followed by air-cooling. Some of these plates were aged up to 10 000 hr at 823 K, 873 K, and 923 K.
The creep rupture tests were carried out at 923 K using uni-axial tensile specimens with 6 mm in diameter and 30 mm in gauge length. The microstructures of the specimens crept or aged were observed at both light and electron optical levels. The precipitates were identified by transmission electron microscope (HITACHI-U700H) operated at 100 kV with EDX (Kevex delta-s) using extracted replica samples. The orientation relationship between precipitates and matrix was characterized by transmission electron microscope (JEOL2000EX) operated at 200 kV using thin foils. The amount of precipitates was estimated by the quantitative chemical analysis of extracted residues from the aged specimens, and clarified the time-temperatureprecipitation diagrams. The Mo and W concentration in the extracted residues were fit to a Johnson-Mehl-Avrami type equation in order to equate the precipitation kinetics. The equilibrium Mo-and W-partitioning between carbides and matrix were calculated using thermodynamic software; THERMO-CALC. 14) 3. Experimental Results Figure 1 shows the creep rupture strength of 2.25Cr-Mo-V-Nb steel (Mo-steel) and 2.25Cr-W-V-Nb steel (Wsteel) at 923 K comparing that of a conventional 2.25Cr-1Mo steel. The creep rupture strength has markedly increased by the addition of V and Nb. In addition, the creep rupture times of W-steel show almost twice or more than that of Mo-steel under the applied stress of 60 to 110 MPa at 923 K. Figure 2 shows the optical microscope images on the cross section from the specimens normalized and tempered, and ruptured at 923 K under the applied stress of 107.9 MPa and 68.6 MPa. It is seen that both the steels consist of tempered bainite without a-ferrite. While the W-steel crept has kept the bainite structure to the fractured boundaries, the Mo-steel crept has shown the recrystallized structure. These observations suggest that the tempered bainite structure in W-steel is more stable than that in Mo-steel at the elevated temperatures. Table 1 . Chemical compositions of the specimens. 3 )C for W-steel have dominantly observed along grain boundaries and inside grains. The MC carbides have still precipitated along lath boundaries and inside grains with the almost same compositions as that in the tempered specimens. It is seen that, however, the MC carbides in Mo-steel are heterogeneously distributed on the indistinct traces of lath boundaries. On the other hand, Wsteel has shown the distinct traces of lath boundaries, where the MC carbides precipitate with high density as observed in the tempered specimens. Figure 5 shows a bright field image of MC carbides using thin films of Mo-steel aged for 10 000 hr at 923 K, where the electron beam is parallel to ͗001͘ of matrix. It is confirmed that the MC type carbides in both Mo-steel and W-steel have a plate-shaped with the habit plane parallel to {001} of matrix having the following crystallographic orientation relationship with matrix; {100} MX //{100} matrix and ͗010͘ MX //͗011͘ matrix . In order to clarify the difference in the morphology of MC carbides between Mo-steel and W-steel, the bright field images are taken with an equivalent g-vector condition as shown in Fig. 6 . In Mo-steel, the MC carbides with 5 nm to 50 nm in diameter have been observed with the fringe contrast image. On the other hand, the MC carbides in W-steel have been less than 10 nm in diameter and characterized by a contrast image due to coherent strain. Figure 7 shows the TEM images of Mo-steel and Wsteel showing the evolution of bainite structure inside grains and close to the grain boundaries after aging for 3 000 hr at 923 K. While the Mo-steel has exhibited the ferritic structure with low dislocation density, the W-steel has maintained the bainite lath structure with high dislocation density. In addition, it is seen that the M 6 C carbide in Wsteel, which is much finer than that in Mo-steel, covers the grain boundaries along with M 23 C 6 carbide. These observations have suggested that the substituting W for Mo suppresses the coarsening of precipitates resulting in the stabilization of the bainite lath structure, and thus improves the creep rupture strength.
Discussion
The present works have investigated the effect of Mo and W on the phase stability of precipitates and matrix, and clarified the mechanisms of creep strengthening in the low Cr steels. TEM observations have confirmed that the substituting W for Mo with 1 mass% in Mo-equivalent remarkably retards the microstructural evolution at the elevated temperatures. It has been, therefore, suggested that the stabilization of matrix and precipitates are important to improve the creep rupture strength.
Several mechanisms on the effect of W and Mo on the creep strength have been proposed from the point of solution strengthening effect and precipitation hardening effect. The previous studies have confirmed that the solute W significantly contributes to an increase in the creep resistance, thus the optimizing the steel compositions to suppress the W-rich precipitates leads to the higher creep strength in low Cr heat resistant steels. 4, 5) One of the explanations for the solution strengthening due to W/Mo has been attributed to the difference in atomic radii between W/Mo and iron atoms. 9) In another mechanisms, it is considered that the solute W and Mo attract C atoms, and the interstitial-solute atmosphere strongly interacts with dislocations. 10, 11, 15) Thereby the retardation of dislocation recovery and recrystallization in Mo/W bearing steels are likely caused by not only the solute Mo/W atoms but also Mo-or W-C atmosphere in the matrix. The effects of Mo and W on precipitation hardening have been also discussed with a great extent concerning the phase stability of precipitates, such as M 23 C 6 , M 6 C, and M 2 C carbides in low Cr steels. Since the diffusion rates of Mo and W are considered to be lower than that of other solute atoms, 12) it has been expected that Mo-and W-partitioning to these carbides reduce the growth rate and keep the carbides finer for long-term aging at the elevated temperatures.
The present study has shown that the microstructural evolution of the 2.25Cr-(Mo)-(W)-V-Nb steels is characterized by the precipitation of M 6 C carbide by long-term aging. It is found that the M 6 C carbide has precipitated with the concentration of Mo and W, where the kinetics of the Mo-and W-partitioning between M 6 C carbide and matrix seems to be consistent with the recovery process of the bainite structure. In order to quantify the precipitation kinetics, the time-temperature-precipitation diagrams have been obtained from the chemical analysis of extracted residues of the specimens aged up to 10 000 hr at 823 K, 873 K, and 923 K as shown in Fig. 8 . It is found that Mo-steel drastically enhances the precipitation of M 6 C carbide by aging more than 1 000 hr at 823 K, resulting in an increase in the Mo concentration in the extracted residues. At 873 K and 923 K, the increase in the Mo concentration in the extracted residues seems to be saturated after aging for 1 000 hr. On the other hand, W-steel has exhibited no remarkable increase in W concentration in the extracted residues till the aging temperatures are raised up to 923 K. These results suggest that a C-curve for the precipitation of M 6 C carbide is moved to longer times and higher temperatures as Mo is replaced by W. The calculated phase diagrams using THERMO-CALC have predicted that the equilibrium phases at 823 K to 923 K are almost same in both steels as shown in Fig. 9 . Therefore, the difference of the microstructures between Mo-steel and W-steel is most likely caused by the difference of the kinetics of Mo-and W-partitioning between matrix and M 6 C carbide. (1) is defined as the relative amount of precipitated Mo or W to the equilibrium at time t, where the equilibrium amounts of precipitated Mo or W have been obtained from a calculation using THERMO-CALC. Figure 10 shows time-precipitation curves fitting measured Mo-or W-concentration in the extracted residues to Eq. (1) at 823 K, 873 K, and 923 K for chosen value of k and n listed in Table 2 . This model gives a sigmoid master curve, which expresses the basic kinetics of a nucleation and growth process of M 6 C carbide in Mo-steel and W-steel normalized and tempered. Figure 11 shows the amount of solute Mo and W supersaturated in matrix obtained from the above model. Since the kinetics of Mo-and W-partitioning between precipitates and matrix can be successfully expressed by the Johnson-Mehl-Avrami equation, this model is applicable to quantify the microstructural evolution at any times. For example, Figs. 10 and 11 show that Mo-steel aged for 3 000 hr at 923 K has been already reduced to the thermal equilibrium state, where the precipitation from supersaturated solid solution has been completed. The corresponding microstructure of Mo-steel has been shown in Fig. 7(a) and exhibited the sub-grain structure with low dislocation density. On the other hand, W-steel aged for 3 000 hr at 923 K has still contained a considerable amount of W supersaturated in matrix, in which the bainite lath structure has been still maintained as shown in Fig.  7(b) . It is considered that, therefore, the bainite lath structure has been kept while contains solute Mo and W supersaturated in matrix. However, the thermal equilibrium state without solute Mo or W supersaturated in matrix seems to enhance the recovery of bainite lath structure leading to the ferritic sub-grain structures. Since the reaching time to the thermal equilibrium of solute W concentration in W-steel is estimated 100 times longer than that in Mo-steel, W-steel is expected to take 100 times longer time for the recovery of bainite lath structure comparing with Mo-steel. It is concluded that the rate of M 6 C precipitation is reduced by 100 times as Mo is replaced by W. Therefore, it is considered that the diffusion rate and the nucleation density of precipitates are much different between Mo-steel and Wsteel. The diffusion coefficients of Mo and W, nucleation density, as well as the activation energy for precipitation have been predicted as follows.
Following the nucleation theory proposed by J. W. Christain, the reaction rate (k) is given by ............... (2) for platelet growth in the absence of impingement. 17) Where N is a constant number of pre-existing nuclei per unit volume; C m is initial solute concentration in metastable phase; where DQ is activation energy for diffusion; R is gas constant; D 0 is the frequency factor. Now, the solutes refer to Mo or W, and a phase and b phase correspond to matrix and M 6 C carbide respectively. Giving C a and C b calculated by THERMO-CALC, DQ and N 2/3 · D 0 have been obtained as listed in Table 2 . It is noted that the activation energy for diffusion of W is remarkably higher than that of Mo, thus W atoms are considered to be less mobile than Mo atoms in the low Cr steels at the temperatures from 823 K to 923 K. Another important feature is N 2/3 · D 0 in W-steel takes a value 10 3 times larger than that in Mo-steel. This means that the substituting W for Mo increases the pre-existing nucleation site (N) or enhances the vibration frequency of diffusing solues (D 0 ). Following the precipitation theory, the increase in N is caused by the increase in dislocations, lath boundaries, and grain boundaries, which function as the precipitate nucleation sites. This consideration seems to be supported by the TEM observations showing that Wsteel has maintained the bainite lath structure with high dislocation density at elevated temperatures. On the other hand, the possibility increasing D 0 in W-steel is reasoned by a mechanism concerning the W atoms are more strongly fastened than Mo atoms in the lattice. This may relate to the above-mentioned characteristics on the W atoms, which contribute to the solution strengthening due to larger atomic radii [9] [10] [11] and have a low diffusibility. It is summarized that, therefore, the microstructural stability with substituting W for Mo is attained by increasing pecipitate nucleation sites, stabilizing the solute atmosphere, and reducing the diffusibility.
The above estimation focused on the precipitation kinetics of M 6 C has shown that the activation energy for diffusion is lower than that for self-diffusion in pure a-Fe; 224 kJ/mol for Mo and 246 kJ/mol for W.
18) It is explained for this disagreement that the precipitation kinetics of M 6 C carbide is controlled by not only lattice diffusion of Mo/W but also other factors such as the driving force for the precipitation. Another possibility is that the pipe diffusion due to dislocation and grain boundary diffusion governs the precipitation kinetics of M 6 C, because the temperatures promoting the precipitation of M 6 C are too low to induce the self-diffusion of W and Mo.
In the present steels, it is confirmed that MC carbides are important precipitates for the improvement of the microstructural stability and creep strength. It has been confirmed that MN type nitrides are too large to increase the creep strength in low Cr steel. TEM observation has shown that the MC carbide in both Mo-steel and W-steel has a cubic structure and precipitates in a plate-shaped with the orientation relationship with matrix; {100} MX //{100} matrix and ͗010͘ MX //͗011͘ matrix . In addition, while the MC particles in Mo-steel has been observed with the fringe contrast image, the MC carbide in W-steel has been finer with the contrast images due to coherent strain even after long-term aging. It seems that, therefore, there are some differences in the misfitting coherency due to MC carbides between Mosteel and W-steel. EDX analysis has evaluated the compositions of MC carbides as (V 0.35 Nb 0.17 Mo 0.48 )C for Mo-steel and (V 0.60 Nb 0.14 W 0.26 )C for W-steel. Using the relationship between the lattice parameter and compositions of MC carbides proposed by Goldschmidt, 19) the lattice parameter of the MC carbides in Mo-steel and W-steel can be estimated as 0. where a p in the lattice spacing of MC carbide and a is the lattice spacing of matrix. The lattice misfit between MC carbide and matrix on (001) matrix are estimated to be 0.055 in Mo-steel and 0.048 in W-steel, and the critical coherent size of MC carbides are predicted as 5.5 nm and 6.3 nm in diameter respectively. As mentioned in Fig. 6 , the diameter of MC carbide in Mo-steel has been from 5 nm to 50 nm, and that in W-steel has been less than 10 nm. These considerations are in reasonable agreement with the TEM observations showing that the most of the MC carbides in Mosteel has already lost the coherent relationship with matrix, however, the MC carbide in W-steel has kept coherent relationship completely with matrix even after long-term aging.
Following statics of dislocation-precipitate interaction, it is possible to evaluate the most effective size of coherent precipitate to enhance the creep resistance. The critical stress, t c , required for the dislocation to break free of the precipitate is expressed by 5) where G is shear modulus and L s is average inter-particle spacing. 20 which corresponds to the Orowan stress due to the presence of impenetrable particles.
The strengthening due to misfitting coherent precipitates occurs by the interaction between the stress fields of precipitates and dislocations. The most thoroughly modeled case is that of the edge dislocation interact with spherical coherent precipitates of radius r with a misfit parameter, e, given by where c is a constant such as 2 and 3. Figure 12 shows the theoretical shear stress for precipitates with eϭ0.055 and eϭ0.048, which correspond to the misfit parameter of MC carbide on (001) matrix in Mo-steel and W-steel respectively. This shows that the strain field due to coherent precipitates more strongly interacts with dislocations with increasing the precipitate size. When the precipitate size exceeds r max ϭb/4e, which gives the maximum critical stress, however, the dislocation bypasses the precipitates by Orowan process resulting in the reduction of the shear stress. These considerations have suggested that the most effective diameter of MC carbide to increase the shear stress is 2.3 to 4.0 nm for Mo-steel and 2.6 to 4.8 nm for W-steel. Comparing them with the TEM images, the greater part of the MC carbides in W-steel seem to provide the highest shear stress due to coherent strain. However, the MC carbides in Mo-steel contribute to the strengthening by only Orowan stress.
The growth rate of precipitates is generally expressed by the function of the solubility and diffusion coefficient of the solute, when the precipitate coarsening controlled by the solute transfer from matrix to precipitates. Since Mo and W also partitions to the MC carbides, the growth rate of MC should be controlled by the diffusion rate of Mo and W. It is concluded that, therefore, W is more effective to keep MC carbide finer during long-term aging at elevated temperatures because of the lower diffusion rate. ery of microstructures from the bainite lath structure to the sub-grain structure. It is found that C-curves for the precipitation of M 6 C as well as the recovery of microstructure move to the longer times and the higher temperatures as Mo is replaced by W. In order to quantify the microstructural evolution, the kinetics of Mo-and W-partitioning between matrix and M 6 C has been simulated using the JohnsonMehl-Avrami type equation. This model identified the activation energy for diffusion of solute; 145 kJ/mol for Mo and 219 kJ/mol for W, thus confirmed that the mobility of W atoms is much lower than that of Mo atoms. It is also suggested that W-steel provides the precipitate nucleation site with higher density than Mo-steel. The present steels have been also characterized by the fine dispersed MC type carbides, which consist of Mo, W, V, and Nb. It is found that the size and the misfitting coherency of MC type carbides are affected by the Mo-and W-partitioning. From TEM observations and the precipitation theory, it is estimated that (M, Mo)C in Mo-steel has already lost the coherency with matrix. On the other hand, (M, W)C has kept a good coherency with matrix and exhibited the most effective size to enhance the shear stress for dislocation.
It is concluded that the improvement of the creep strength by substituting W for Mo is attributed to a reduction in the diffusion rate, an increase in the precipitate nucleation sites, and a suppression of the coarsening MC carbide in 2.25Cr-(Mo)-(W)-V-Nb steels.
